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The magnetic-field-driven heat generation in neuromodulation systems consisting of implanted and
skin-surface-mounted components gives rise to the potential of discomfort, cell damage, and possible
necrosis. The skin-surface-mounted component, commonly termed the antenna, serves the function of
the primary of a transformer, and the implant is the secondary. Heating occurs in both of these compo-
nents during the recharging of a battery situated in the implant. Previously reported experimental data
for the heat generation characteristics of three commercially available neurostimulation systems has
been enhanced by further experiments carried out as part of this investigation. A numerical simulation
of the temperature distribution in tissue beds adjacent to the implant and the antenna has been per-
formed here. The aggregated data have been used as input information to a bio-heat-transfer model
which yields both the spatial and temporal variations of the temperature field. It was found that during
long-duration recharging periods, the temperature of the tissue rises in response to the heat generation.
This information enables the identification of the magnitude and location in the tissue of the hot-spot
temperature. The temporal temperature variation at the hot spot was employed in conjunction with a tis-
sue-damage integral to identify the possibility of cell damage and/or necrosis. It was found that two of
the three investigated neuromodulation systems did not give rise to temperature levels that may cause
tissue damage. However, the third of the systems caused temperatures of sufficient elevation so that for
recharging periods on the order of 2 h, necrosis was found to be likely in situations where heat transfer is

Keywords:

Neuromodulation
Magnetic-field heating
Implant

Bio-heat equation
Tissue-damage integral
Hot-spot tissue temperature
Necrosis

suppressed at the surface of the skin.
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1. Introduction

Safety considerations have evoked considerable recent interest
in the interaction of external magnetic fields with implanted
metallic objects in the human body. One application which has
been regarded as critical with respect to the general impact of this
interaction is the use of MRI as a diagnostic tool. A second situation
where a similar interaction occurs is when an implant is empow-
ered by a magnetic field dispersed by an antenna situated on the
skin surface in the near proximity of the implant. The externally
applied magnetic field penetrates the tissue and induces eddy cur-
rents in the metallic implant or other structures. The induced cur-
rents, in turn, produce Ohmic heating. In addition, possible
chemical reactions due to the recharging process may also produce
heat. The concern is that Ohmic and chemically produced heating
may give rise to local elevated temperatures which may cause tis-
sue necrosis. The current literature dealing with this heating phe-
nomenon is well documented [1-12]. These papers run the gamut
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from MRI-based heating to antenna-based heating. In addition to
the aforementioned thermal effect, the external magnetic field
may also interfere with the primary function of the implanted de-
vice, an occurrence which has been reported in literature of which
[13-16] are representative.

The investigation to be described here seeks to quantify the im-
pact of the heating effect caused by the interaction of an externally
applied magnetic field and an implant. The specific situation to be
considered is a neurostimulation implant which is recharged by a
skin-surface-mounted antenna. The three neurostimulation de-
vices investigated here are the Medtronic Restore, the ANS Eon,
and the Boston Scientific Precision. In a previous paper [17], careful
in vitro experiments were performed to obtain the rate of energy
transfer from the surfaces of the implant to the adjacent tissue.
These rates, taken from Ref. [17] are 233, 670, and 441 mW,
respectively, for the Medtronic Restore, the ANS Eon, and the Bos-
ton Scientific Precision. In addition, the experiments provided the
following data: 200, 343, and 931 mW, respectively, for the Med-
tronic Restore, the ANS Eon, and the Boston Scientific Precision
for the energy transfer rate from the antenna surfaces to its
environment.

In the work to be described here, further experiments were
performed to quantify the rates of energy transfer specific to each
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Nomenclature

A pre-exponential thermal injury constant

c specific heat

Ex activation energy for thermal injury

k thermal conductivity

r radial coordinate

R universal gas constant

S volumetric rate of energy generation by metabolism
t time

T temperature

T, arterial temperature

z axial coordinate

Symbols

p density

T integration variable

Q thermal injury index

10} volumetric rate of blood perfusion per unit volume of

tissue

of the principal surfaces of the implant. These experiments were
performed with the respective implants suspended in air. To
avoid uncertainties attributable to random air currents, the sus-
pended implant was partially shrouded. A heat-flux sensor was
affixed to each of the principal surfaces of the implant. These sen-
sors provided a direct reading of the heat flux passing from the
surface to the surrounding environment. To create a situation in
which heat was generated within the implant, the antenna that
corresponded to each implant was suspended parallel to the im-
plant and separated from it by a distance of one cm. Once the set-
up had been created, the antenna was activated to initiate and
maintain the recharging of the implant. When steady state had
been established, the heat fluxes passing from the respective
principal surfaces to the air environment were read electronically.
The outcome of these experiments yielded the percentage of the
total heat transfer rate leaving the principal surfaces that is
attributable to each principal surface. For the Medtronic Restore,
29% of the heat transfer from principal surfaces was attributed to
the surface that faces the skin. The corresponding numbers for
the ANS Eon and Boston Scientific Precision implants are 44%
and 37%, respectively. The percentages passing through the sur-
face that faces the deeper portions of the tissue bed are 71, 56,
and 63.

These data, together with those of Ref. [17], were then used as
the basis of a numerical simulation model of the energy transfers
within the tissue. To achieve a high level of accuracy for the
numerical predictions, the detailed internal structure of the anten-
nas was carefully taken into account. By this detailed modeling, it
was possible to precisely identify the energy transfers from the
respective bounding surfaces of the antennas and the evolution
of the temperature field within the tissue.

The investigation was performed for three different neuro-
modulation systems, the Medtronic Restore, the ANS Eon, and
the Boston Scientific Precision. For each of these devices, the
temperature distribution in the tissue in the neighborhood of
the implant and the antenna was determined. Careful attention
was given to the specification of the boundary conditions for
the analysis. Specifically, clothing worn over the antenna plus
heat transfer by convection and radiation to the environment
formed the basis of one of the employed boundary conditions.
Another boundary condition was based on the patient oriented
so that the antenna was in contact with an insulating material
such as that of a sofa or a mattress.

The simulation was performed for transient operation, with the
transient being initiated by the activation of the antenna’s mag-
netic field. The period of the heating was extended over a duration
of 2 h. This period of application of the device is believed to cover
most practical utilizations.

The special focus of the work was to investigate conditions
which could give rise to local tissue necrosis during the recharging
of the aforementioned neuromodulation devices.

2. Physical and mathematical models

A schematic display of the physical model is conveyed in Fig. 1.
The model is, in fact, axisymmetric, and a cut along a diametril
plane (a vertical plane which is cut through a diameter) is exhib-
ited in the figure. The tissue bed is characterized as a four-layer
assemblage, encompassing the skin, fat, fascia, and muscle layers.
The respective thicknesses of these layers are 2, 30, 1, and
25 mm. These thicknesses were selected on the basis of a consulta-
tive discussion with a plastic surgeon [18]. The selected thickness
of the fat layer was sufficiently great to fully encompass the im-
plant. In view of the fact that the fat layer has the lowest thermal
conductivity and the lowest blood perfusion rate among all the
others, the positioning of the implant in that layer necessarily gives
rise to an upper bound on the temperature at the interface of the
implant and the tissue. The implant depth, which is defined in
Fig. 1, is one cm for all the investigated implants. The thicknesses
of the implants are 13.9, 15.6, and 10.5 mm for the Medtronic Re-
store, ANS Eon, and Boston Scientific Precision, respectively.

Fig. 1 is, in fact, a representation of the volume in which the
numerical solutions were performed. All of the dimensions of that
space have been conveyed in the foregoing, aside from the radius
which defines the outer edge and the dimensions of the antenna.
The outer radius of the solution space was taken to be two and a
half times the radius of the antenna. The antenna radii are 39.1,
40.3, and 35.6 mm, respectively, for the Medtronic Restore, ANS
Eon, and Boston Scientific Precision devices.

A complete listing of the properties of the selected tissue layers
is provided by Table 1. The properties were chosen after an exten-
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Fig. 1. Schematic diagram of the system to be investigated, showing the four tissue
layers, the skin-surface-mounted antenna, and the implant.
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sive review of the literature and may be regarded as representative
of the non-pathological patients.

The energy transfers in the tissue bed can be modeled by apply-
ing the first law of thermodynamics. That law is, in fact, a balance
of the inflows and outflows of energy into a control volume. The
energy flows that are considered are: (a) heat conduction, (b) per-
fusion-carried energy, and (c) metabolic heat generation. When
these various transports are in balance, a steady state is achieved.
The most commonly accepted form of the first law for biological
thermal transport is the Pennes equation [28]. This model has pro-
voked a considerable amount of controversy over many decades.
Despite this, it has been demonstrated to be viable by comparisons
between the predictions of the model and experimental data. The
Pennes equation is
or T ka < aT

P =Kozt rar\Tar

o ) +(pC)y(Ta—T) +S. (1)

This equation is written for an axisymmetric model, justifying the
use of cylindrical coordinates. Also worthy of note is that it takes ac-
count of unsteady temperature variations. The solutions to be ob-
tained will encompass not only the transient state but also will
provide the steady state which occurs as the limit as time increases.

In this equation, the thermal physical properties are k, p, and c,
which are the thermal conductivity, the density, and the specific
heat of tissue, respectively, and pp, c,, which are, respectively,
the density and specific heat of blood. The specific rate of blood
flow is represented by  which has units of (m3/s)/(m?). The
numerator of this unit cluster is the volumetric flow rate, while
the denominator represents the volume of tissue through which
the blood is perfusing. Also appearing in Eq. (1) is a baseline tem-
perature T,. According to Pennes, T, represents the temperature of
the arterial blood which perfuses through the tissue. Metabolic
heat generation is denoted by S, which corresponds to a volumetric
heat source. The dependent variable is the temperature T, which is
a function of the axial and radial coordinates, r and z, respectively.
Aside from the independent and dependent variables, numerical
values of the other quantities that appear in (1) are listed in
Table 1, except for blood, for which p,=1000kg/m®> and
cp = 4000 J/(kg K).

The goal of this investigation is to solve Eq. (1) to obtain the
maximum temperatures in the tissue caused by the heat genera-
tion in the implant and the antenna. The presence of those devices
is not reflected in Eq. (1). The heat generation within the implant
will enter the problem as a boundary condition. On the other hand,
the antenna will be modeled in its own right, and the energy trans-
fers within it are governed by a form of the first law that differs
from Eq. (1). In fact, in view of the complicated geometry of the
internal parts of the antenna, it was necessary to solve a separate
governing equation for each part. If the subscript i is used to iden-
tify each part, then the relevant form of the first law is

Ty | &*Ti ki 8 [ 9T
(PC)ia—t':kfy;+7’§<ra—r'> +S:. 2)

In those parts of the antenna where heat generation occurs due to
Ohmic heating, the volumetric heat source term S; has a constant
value. On the other hand, certain parts of the antenna merely act

Table 1
Properties of the tissue layers.
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as heat conductors, and in those parts, S; = 0. To illustrate the com-
plexity of the interior of an antenna, Fig. 2 has been prepared. It is a
vertical cut through the antenna showing a cross-section. This an-
tenna is specific to the Medtronic Restore device. In this cross-sec-
tional view, 10 different materials are identified. Some of these
materials appear in more than one location in the antenna. Of par-
ticular note is the heat-generating element as indicated in the dia-
gram (part 1). In the particular antenna that is illustrated, there are
15 separate parts, each of which necessitates the solution of a sep-
arate differential equation such as Eq. (2). Similar details were ob-
tained for the other two devices but are not shown for brevity.

Inspection of Fig. 2 reveals the presence of air gaps. Since the
bounding surfaces of the air gaps are necessarily at different tem-
peratures, it is appropriate to consider the possibility of natural
convection occurring in these gaps. This possibility was examined
by making use of the Rayleigh number criteria for the onset of flow
in both horizontal and vertical enclosures. For all of the air gaps
that occur in the antenna pictured in Fig. 2, it was found that the
Rayleigh number was well below that for the onset of flow. This
same issue arose for the Boston Scientific Precision antenna. A cal-
culation of the Rayleigh number for the air gap that exists in that
antenna also gave rise to a value below the critical.

To complete the specification of the problem, it is necessary to
provide boundary conditions and conditions of continuity at inter-
faces. With reference to Fig. 1, the exposed surfaces of the antenna
and the exposed surface of the skin were assigned continuous
boundary conditions. Two boundary conditions were considered.
One of these took account of convection to the surrounding ambi-
ent in the presence of garments covering the antenna and the skin
surface. The thermal resistances of the garments and the convec-
tive resistance of the air were lumped into an overall heat transfer
coefficient. A second boundary condition was based on modeling a
situation where the antenna and skin surface interfaced with a
thick insulating material such as an upholstered chair or a bed.
For that case, an adiabatic boundary condition was imposed.

At the interface between the base of the antenna and the contig-
uous skin surface, perfect contact was assumed. At the outboard
edges of the solution domain that are shown in Fig. 1, it was as-
sumed that the influence of the presence of both the antenna
and the implant had died away. Consequently, an adiabatic bound-
ary condition was appropriate. With regard to the bottom of the
tissue bed, it was uncertain what would be the proper boundary
condition, since the overall depth of the bed was unlikely to be
thick enough to impose the core temperature. This uncertainty
led to the selection of the adiabatic condition, whose adoption
would give rise to temperatures that correspond to an upper bound
on the actual temperature field. However, subsequent computation
experience demonstrated that the use of this boundary condition
gave rise to temperature increases on the order of 0.2 °C. At all
other interfaces, continuity of temperature and heat flux was
required.

As noted earlier, the implant was not included in the solution
domain. Rather, on the basis of experiments reported in Ref. [17]
and extended as part of the present research, the heat flux leaving
the surfaces of the implant and entering the tissue were known
quantities. These known heat fluxes were applied as boundary con-

Tissue Layer thickness Thermal conductivity (W/ Density (kg/m3)  Specific heat (J/ Median blood perfusion rate Metabolic heating rate (W/
(mm) m K) kg K) (1/s) m?)

Skin 2 0.45 [19] 1100 [21] 3500 [19] 0.0018 [23] 1300 [25]

Fat 30 0.2 [20] 960 [21] 2500 [24] 0.000425 [26] 250 [25]

Fascia 1 0.23 [21] 1000 [21] 3900 [21] 0.000425 [26] 250 [25]

Muscle 25 0.5 [22] 1040 [21] 3600 [24] 0.0005 [27] 500 [25]
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Fig. 2. Vertical cut through an antenna illustrating the presence of numerous separate parts.

ditions at the interface of the implant and the contiguous tissue.
The data provided by Weinmann and Sparrow [17] were the total
rate of heat transfer from all faces of the implant to its surround-
ings. Additional experiments performed here utilizing heat flux
sensors enabled accurate determinations of the separate heat flow
rates from the two principal surfaces. In particular, these experi-
ments showed that for the Restore, Eon, and Precision, the percent-
ages of the total energy leaving the implant that is transferred from
the skin-facing surface are 29, 44, and 37, respectively.

The actual numerical computations were performed within the
framework of ANSYS 11.0. The accuracy of the numerical solutions
was validated by a mesh independence study. Meshes consisting of
75,600 and 108,000 elements were employed for this study. The
temperature maximum was monitored for these two mesh densi-
ties, and it was found that agreement prevailed to within 0.01 °C
for all times during the transient process.

3. Results and discussion

The result of most immediate interest is the magnitude of the
hot-spot temperature within the tissue bed and its location. This
information is conveyed in Figs. 3-5, respectively, for the Boston
Scientific Precision, ANS Eon, and Medtronic Restore devices. The

results displayed in these figures correspond to a time following
1h of recharging of the respective devices. Also, the thermal
boundary condition at the exposed surfaces (the outer surface of
clothing covering the skin and the antenna) was natural convection
and radiation to the surroundings. In interpreting the results con-
veyed by these figures, it is well to keep in mind that an axisym-
metric model has been used for the numerical simulation. To
provide a realistic portrayal, the figures display a 180° revolution
of the basic two-dimensional geometry.

The figures display color contour diagrams of the temperatures
both within the tissue and the antenna. The temperature levels are
correlated to the color scale that is situated beneath the contour
diagram. Note that a common color scale is used for all of these fig-
ures. From an overview of the figures, it is clear that the highest
hot-spot temperature within the tissue (45.6 °C) is attained when
the Boston Scientific Precision device is employed. The hot-spot
temperature associated with the ANS Eon is somewhat lower
(41.1 °C) than that of the Boston Scientific Precision device. The
lowest of the hot-spot temperatures is that with the use of the
Medtronic Restore device (39.2 °C). With regard to the location of
these hot-spot temperatures, it can be seen that for the Precision
device, the location is at the skin surface. On the other hand, for
both of the other two devices, the hotspot is located adjacent to
the bottom surface of the implant.

20 33 35
@

37

39

41 43 45 60

Fig. 3. The temperature distribution (°C) associated with the Boston Scientific Precision device after 1 h of recharging. Note that temperatures above 50 °C are encountered in
the antenna and not in the tissue. The maximum tissue temperature is 45.6 °C. The apparent discontinuity between the temperatures of 33 and 45 °C in the antenna is due to

the very high thermal resistance of an air gap.
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Fig. 4. The temperature distribution (°C) associated with the ANS Eon device after 1 h of recharging. The maximum temperature in the tissue is 41.1 °C.

Fig. 5. The temperature distribution (°C) associated with the Medtronic Restore device after 1 h of recharging. The maximum tissue temperature is 39.2 °C.

Among the three aforementioned hot-spot temperatures, only
that for the Precision device might possibly suggest cell damage.
It is known that cell necrosis is a function not only of temperature
level, but it also depends on the time duration at which the ele-
vated temperature exists. The issue of cell necrosis will be treated
in greater depth shortly when time durations of various extents are
considered.

Color contour diagrams similar in content to Figs. 3-5 were
examined for the thermal boundary condition of no heat transfer
at the exposed surfaces of the skin and the antenna. That inspec-
tion indicated only small differences from the contours that were
exhibited for the case of surface convection. Therefore, the contour
diagrams for the adiabatic case will not be presented here.

More detailed information about the timewise variation of the
hot-spot temperatures is conveyed in Figs. 6-8. In each of these fig-
ures, the hot-spot temperature is plotted as a function of time for
each of the devices being considered. The time span for which re-
sults are presented is 60 min. Fig. 6 shows results for the three de-
vices in the presence of surface convection. These results are
delineated by curves of different line types. The highest tempera-
tures achieved during the 1-h recharging period are those for the
Boston Scientific Precision. The hot-spot location for that device
shifted from the bottom surface of the implant at early times to
the skin-antenna interface at later times. This change of site is
responsible for the change of slope of the curve for this device.
The intermediate temperatures are those for the ANS Eon, the site
of which was the bottom surface of the implant. The lowest of the
hot-spot temperatures are those for the Medtronic Restore. At rel-
atively short times during the recharging period, the hot-spot tem-
peratures of the various devices differ by approximately 3 °C, while
at larger times differences as large as 6.5 °C are in evidence.

The counterpart of Fig. 6 which conveys similar results for the
case of no heat transfer at the exposed surfaces is Fig. 7. Examina-
tion of these figures indicates only minor differences in detail. Over
all, the maximum deviations in the hot-spot temperatures for the
two thermal boundary conditions are, at most, one degree Celsius.

Next, attention is turned to a display of the outcome of a sensi-
tivity study in which the blood perfusion rate was varied by +50%
around the nominal value that was listed in Table 1. The hot-spot
temperatures corresponding to the three perfusion rates for each of
the three devices are exhibited in Fig. 8. In that figure, three clus-
ters of curves are shown, with the uppermost cluster correspond-
ing to the Precision device, the middle to the ANS Eon, and the

47 Precision Skin-Antenna
Interface Temperature .
45 SRS b
Precision Implant e
Bottom-Surface Temperature - -
43 o Eon Implant
g I Bottom-Surface Temperature
Ea
o
2
I e s St LSt .
[
Restore Implant
Bottom-Surface Temperature
35
0 15 30 45 60

Time from start of recharging (minutes)

Fig. 6. Hot-spot temperatures for all three devices corresponding to a 20 °C
convective environment.
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Fig. 7. Hot-spot temperatures for all three devices corresponding to an adiabatic
environment.
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Fig. 8. Dependence of the hot-spot temperatures on the blood perfusion rate.

lower to the Medtronic Restore. For the latter two devices, the
curves are consistently ordered with respect to the blood perfusion
rate, with the highest hot-spot temperatures corresponding to the
lowest perfusion rate and the lowest hot-spot temperature belong-
ing to the highest perfusion. With respect to the Precision device,
the just-described ordering of the curves also describes the results
for times greater than 20 min. At lesser values of time, the ordering
is reversed. It is especially important to note that both the ANS Eon
and the Medtronic Restore give rise to hot-spot temperatures that
are not very sensitive to the perfusion rate. On the other hand, the
Boston Scientific Precision is much more sensitive to perfusion,
especially at relatively long recharging times. For example, for a
recharging time of 60 min, the perfusion-caused spread in the
hot-spot temperature is approximately 4 °C.

It is convenient to summarize the key results of the foregoing
paragraphs in tabular form. This information is provided by Table 2.
The table lists the hot-spot temperatures for each of the investi-
gated devices at 15, 30, 45, and 60 min of recharging. Also listed
in the table are the results for the two boundary conditions, con-
vective and adiabatic. The distinction between these results is
made by placing the adiabatic-based temperatures in parentheses.
The results exhibited in the table correspond to the properties that
are listed in Table 1.

Inspection of the table confirms the observations that have been
reported from the discussions of the figures. Among the devices,
the highest temperatures are those for the Boston Scientific Preci-
sion, the intermediate temperatures correspond to the ANS Eon,

Table 2
Summary of the hot-spot temperature results at different durations of recharging (°C).

Device Duration of recharging (min)

15 30 45 60
Precision 41.7 (41.7) 43.4 (43.9) 44.9 (45.7) 45.6 (46.5)
Eon 40.4 (40.4) 40.9 (40.9) 41.1 (41.2) 41.1 (41.6)
Restore 38.8 (38.8) 39.1(39.1) 39.1 (39.1) 39.2 (39.2)
Table 3

Cumulative thermal injury imparted to hot-spot tissue locations due to device
recharging.

Device Duration of recharging (h)
1 2
Boston Scientific Precision 0.071 (0.15) 0.35 (1.0)

ANS Eon
Medtronic Restore

0.0023 (0.0024)
0.00041 (0.00041)

0.0058 (0.0059)
0.00092 (0.00093)

while the lowest temperatures are those for the Medtronic Restore.
The table also confirms the minor differences that are attributable
to the differences in the thermal boundary conditions, convective
versus adiabatic.

The impact of the temperatures displayed in Table 2 on possible
cell necrosis will now be considered. To this end, use is made of the
Henriques-Moritz [29] cell injury criterion, which is

t _
Q(t) = A /O e-E/ RN . 3)

In this equation, E, is the activation energy, R is the universal gas
constant, T is the variable of integration, and A is the so-called
pre-exponential constant. The values of E4 and A are specific to each
of the tissue layers. Those for skin, A=2.20 “10's' and
Ex=7.84 10°]/mol, were used for the evaluation of the integral
[30]. The computed timewise temperatures T(t) were introduced
into the integrand and the integration was performed numerically.
The results for Q are listed in Table 3. The table exhibits € values
for device recharging times of 1 and 2 h. Separate results are listed
for the two considered thermal boundary conditions, convection to
an environment at 20 °C and adiabatic exposed surfaces. The results
for the latter are delineated by parentheses.

There is a consensus that cell necrosis occurs for values of Q on
the order of one. In this light, it appears that only for the case of the
Boston Scientific Precision device is there a danger of necrosis for
recharging periods on the order of 2 h. For this device operating
at shorter durations and for all the other devices, it appears that
no cell damage occurs. It is noteworthy that both the Medtronic
Restore and the ANS Eon yield very low values of Q2 for all of the
time durations considered. This observation suggests that they
are absolutely safe with regard to thermal injury of tissue with re-
gard to the investigated conditions.

4. Concluding remarks

The thermal implications of biomedical implants activated by
magnetic fields have been investigated here by means of numerical
simulation making use of experimentally determined device heat
generation measurements. The specific type of implant that moti-
vated this investigation is neuromodulators. In essence, the im-
plant is the secondary of a transformer, while the primary (the
antenna) is situated on the skin surface. The specific implant-an-
tenna arrangement considered here is a separation of the two com-
ponents by a tissue layer of 1cm. The original experiments
obtained data for the rate at which heat is transferred from all of
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the surfaces of the respective implant devices to the surroundings.
Further experiments performed here determined the fractions of
that heat transfer rate attributable to the respective principal sur-
faces of each device.

The numerical simulations, based on these inputs and on ther-
mophysical properties and perfusion rates from the literature, pre-
dicted the magnitude and location of the maximum temperature
created in the tissue as a result of the presence of the implant
and the antenna. These so-called hot-spot temperatures were
determined for three of the most-used neuromodulators: (a) Bos-
ton Scientific Precision, (b) ANS Eon, and (c) Medtronic Restore.

The critical heating period for these devices is that during which
recharging of the implant’s battery is taking place. For durations of
the recharging between 30 and 60 min, the predicted hot-spot
temperatures are 43.4-44.9 °C for the Precision, 40.9-41.1 °C for
the Eon, and 39.1-39.2 °C for the Restore. These temperatures cor-
respond to the thermal boundary condition whereby there is con-
vective heat transfer to a 20°C environment. For the other
investigated situation, where the thermal boundary condition
was specified to be adiabatic, the corresponding temperatures
are 43.9-46.5 °C for the Precision, 40.9-41.6 °C for the Eon, and
39.1-39.2 °C for the Restore. These temperature levels suggest
that, at least for the case of the Precision device, there is a possibil-
ity of tissue damage.

To quantify the possibility of tissue damage, the Henriques-
Moritz tissue-damage integral was used to combine the effects of
temperature level and duration of the recharging period. For a
recharging period of 1 h, the damage integral for all of the three de-
vices yielded numbers much less than one, which is the accepted
indicator of tissue necrosis. If the heating period encompassed a
2-h duration, the damage integral for both the Eon and Restore
produce values which are, once again, much smaller than one.
The values of the damage integral for the Precision device for the
2-h recharging are 0.35 and 1.0, respectively, for the convective
and adiabatic boundary conditions (a worst case). This outcome
suggests that caution be exercised when using this device.
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